Nano-emulsions are emulsions with droplet sizes from 20 nm up to 200-500 nm, thermodynamically unstable, and appear transparent or translucent to the naked eye. Nano-emulsions are very useful in many industries; such as food, pharmaceutical, cosmetic, and chemical. Forming nano-emulsions using a method that requires energy input from a mechanical device is known as a 'high-energy method', while a method using chemical energy stored in the components is referred to as a 'lowenergy method'. The low-energy method can be classified into three categories: the Phase Inversion Temperature method, Phase Inversion Composition method or Emulsion Inversion Point method and the Spontaneous Emulsification method. To study nano-emulsification using the low-energy methods, phase diagrams are used to determine the phase behavior of the components and specify the temperature and concentrations at which various structures exist at equilibrium with desired properties. Most research focuses on droplet size and polydispersibility of nano-emulsions, because these properties influence physicochemical properties, appearance and stability of nano-emulsions. There have been many studies on the effect of composition and the major determining factors in the emulsification process on droplet size and polydispersibility of nano-emulsions such as surfactant type, concentration, location, oil type, surfactant-to-oil ratio, salt, stirring speed, and temperature.
Introduction
Nano-emulsions are emulsions with droplet sizes from 20 nm up to 200 -500 nm [1] [2] [3] [4] [5] [6] , thermodynamically unstable, and appear transparent or translucent to the naked eyes. Nano-emulsions have advantages over conventional emulsions due to their small droplet size which possess stability against sedimentation or creaming [1] . Nano-emulsions are usually very stable against gravitational separation due to the relatively small particle size resulting in Brownian motion effects dominating gravitational forces. Moreover, nano-emulsions can be diluted with water without changing the droplet size distribution [2] . The change in average number of published literature for nano-emulsions per month as obtained from Scopus is shown in Fig. 1 . The number increased remarkably for the past decade. Nano-emulsions are very useful in industries such as pharmaceutical, cosmetic, food and chemical [3] .
The formation of nano-emulsions, a non-equilibrium system, requires energy from either mechanical device or the chemical potential of the components. There are two main methods for preparing nano-emulsions: one is the so-called 'dispersion or high-energy method' which utilizes mechanical power and the other using the chemical energy stored in the components is referred to as the 'condensation or low-energy method'. In high-energy methods, mechanical devices used include high-shear stirring, high-pressure homogenizers, or ultrasound generators capable of generating intense disruptive forces. It has been shown that the apparatus supplying the available energy in the shortest time and having a homogeneous flow produces the smallest sized droplets. The high energy is able to break the droplets into smaller ones, provided the Laplace pressure is overcome. An increase in surfactant content at the interface reduces the Laplace pressure [1, 4] . However, the level of energy required for the production of nanometer-scaled droplets is very high and therefore costinef ficient, especially considering that only a small amount (around 0.1%) of the energy produced is used for emulsification [3, 5] . This review mainly focuses on lowenergy methods.
The low-energy method, or condensation method, can be classified into two categories. One is based on phase inversion taking place during the emulsification process where stored chemical energy is used to obtain a small droplet-sized distribution. The other low-energy emulsification method is the spontaneous emulsification method. Mechanisms involved in this method are diffusion, dilution and phase inversion, as described later. 
Phase Inversion Temperature (PIT) emulsification
PIT emulsification method was introduced by Shinoda and Saito in 1968 [7] . PIT emulsification method is based on the change in surfactant curvature induced by temperature, or on the change in lipophilic-hydrophilic balance of some nonionic sur factants with temperature (HLB-temperature emulsification method). Therefore, this method can only be applied to surfactants sensitive to changes in temperature, i.e. polyoxyethylene-type nonionic surfactants [3] .
The hydrophilicity of nonionic surfactant depends on hydration. Solubility in water of a nonionic surfactant decreases with increasing temperature. The molecular motion of water molecules hydrating to the polar heads of the nonionic surfactant increases with an increase in temperature. The number of water molecules hydrating to the surfactant decreases and the hydrophilicity also decreases. A solution of nonionic surfactant becomes turbid at elevated temperature, (referred to as the cloud point). To prepare a nano-emulsion using the PIT method, oil, water, and non-ionic surfactants are mixed at room temperature and slightly stirred. Next, the mixture is gradually heated. As a result, the HLB of surfactant progressively changes from more than 7 to less than 7. The phase of the emulsion may inver t near PIT.
Shinoda and Arai [8] reported that the cloud points in solutions of nonionic surfactants and the PIT in emulsions are parallel. At the PIT or intermediate temperature, the affinity of amphiphiles for each phase is similar, interfacial curvature is very low, (almost close to zero) and a thermodynamically stable planar structure with zero cur vature appears, and lamellar liquid cr ystals, or bicontinuous microemulsions are formed. Saito and Shinoda [9] investigated the effect of temperature on the interfacial tension both between water and the surfactant phase, and between the surfactant phase and oil. They found that (1) the interfacial tension between the water and oil phase changed markedly with temperature and became nearly zero (below 0.01 mN m -1 ) close to the PIT; (2) the mean droplet diameter was also small at the PIT but increased with temperature; and (3) the coalescence rate of the emulsion droplets was ver y fast close to the PIT [9] .
Therefore, the temperature has to be quickly moved away from the PIT by rapid cooling or heating to obtain Nano-Emulsions; Emulsification Using Low Energy Methods
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kinetically stable nano-emulsions using this method.
Morales et al. [10] Stability is an important property for nano-emulsions.
Ostwald ripening would be the main mechanism for the instability of nano-emulsions. The mechanism is based on the different solubility of the dispersed phase to continuous phase between small and large droplets with different Laplace pressures. The Ostwald ripening rate is represented by the Lifshitz-Slezov-Wagner (LSW) theory. In this theory, the cube of the droplet radius and time show a linear relationship [1, 12] .
Izquierdo et al. [13] Izquierdo et al. [14] found that the decrease in nanoemulsion stability with an increase in surfactant concentration was attributed to the increase in the oil diffusion rate, as a consequence of higher surfactant excess. Ee et al. [15] also reported that the instability of nano-emulsions prepared by the PIT method depended on the surfactant concentration.
Rao and McClements [16] showed that the stability of a nano-emulsion in a water/polyoxyethylene 4-laur yl ether/tetradecane system increased by adding either Salts reduced the absolute value of the zeta potential.
Some salts reduced the long-term stability of nanoemulsions. They described that adding salting-out salts in water could reduce the PIT of the system to an optimum temperature and thus allow nano-emulsions to be formed more easily. For PIT emulsification methods, the temperature of the water/surfactants/oil emulsification mixture essentially crosses the PIT by heating or cooling the mixture.
Roger et al. [18] reported that metastable nano-emul- Usually, when using the PIT method, the temperature of the sample at PIT is lowered to optimum temperature by dipping the vessel containing the sample into cool water bath or ice bath. In some cases, the sample is cooled by dispersion in water [20, 21] . In this method, it is considered the dilute effect also occurs when preparing the nano-emulsion. The dilute effect is the main mechanism of spontaneous emulsification as described later.
Phase Inversion Composition (PIC) method or Emulsion Inversion Point (EIP) method
For the PIC or EIP method, the basic concept is similar to the PIT method. When the O/W emulsion is prepared by the PIC or EIP methods, the surfactant is dissolved in oil and then water is added gradually as described later. In this system, a W/O type emulsion occurs in the oil phase. By adding water, the water phase volume increases gradually, and the W/O emulsion inverts to an O/W emulsion at a certain composition determined by the composition of the system used.
When the composition of a system is appropriate, the O/ W nano-emulsion is easily prepared. This method is the same as the agent-in-oil emulsification method [22, 23] .
Sagitani and Takeuchi [22] 
Phase diagram and nano-emulsification
In low-energy emulsification, the phase transition during the emulsification process in both PIT and PIC is governed by the same mechanism as shown in Fig. 2 .
Therefore, studying phase behavior is very important.
The phase diagram, a graphical portrayal, of a system is used to study or determine the phase behavior of surfactants and to specify the temperature and concentrations at which various structures exist at equilibrium with desired properties.
Miyanoshita et al. [30] tion. Adding sugar altered the phase diagram of these systems. As shown in Fig. 3 , the sponge phase (L 3 ) region in the MOPS with 40% sucrose system (Fig. 3 B) is obviously larger than the water system (Fig. 3 A) by changing H 1 (a hexagonal liquid cr ystalline structure) and I 1 (a cubic liquid crystalline structure) into L 3 . Using small-angle X-ray scattering (SAXS) of the samples for (a), (b), (c) and (α), the microstructures were determined as H 1 , I 1 , L 3 and L 3 , respectively. In the system in which DGML was used as a surfactant, adding sucrose enlarged the area of the La (lamella)＋Wm＋O phase (Fig. 4) . Both (a) and (α) in Fig. 4 were determined as La by SAXS patterns.
O/W emulsions were prepared as follows: 1) surfactant and water or 40 wt% aqueous sucrose solution were mixed at the specified weight ratios; 2) vegetable oil was then added dropwise while the mixture was stirred using a mechanical stirrer (300 rpm) at 25℃ until the oil content reached 70 wt%; and 3) to prepare the O/W emulsion, 15 g of water was gradually added to 5 g of the mixture while being stirred using a magnetic stirrer. The arrows in Fig. 5 represent the course of compositional changes when oil is gradually added to mixtures of emulsifier and aqueous solutions.
In the case of the vegetable oil/MOPS/water system (Fig. 3A) , the average diameters of the O/W emulsions Most of the systems studied for emulsification used a nonionic surfactant and the results confirmed that it is showed different results. Solè et al. [25] found that a cubic liquid crystal phase that occurs during the emulsification process is main requirement to obtain a nanoemulsion when an ionic surfactant was used. It is considered that an appropriate liquid crystal for nano-emulsification might be different for the system.
The spontaneous emulsification (SE) method
The SE method is one method of low-energy emulsification. SE was first reported in 1878 in a aqueous sodium hydroxide and fatty acid in oil system [33] [34] [35] [36] . Davies and Haydon [33, 34] reported that SE was observed in the aqueous phase when toluene containing a sufficient amount of ethanol came into contact with water. Ruschak and Miller [37] proposed a theoretical mechanism of this type of SE using a ternary phase diagram. This theory is called the diffusion path theor y [38] . Surfactant-free emulsions are prepared using this emulsification method. Greek alcoholic beverage ouzo appears the milky white when mixed with water. The anise oil in ouzo spontaneously nucleates by diffusion of alcohol to water.
As a result, the mechanism of SE in a ternary liquid system (water, alcohol and oil) is called the ouzo effect [39, 40] . Nazarzadeh et al. [41] SE caused by diffusion of a co-surfactant was reported by Rang and Miller [42] and by Nishimi and Miller [43] .
In the former case, 250 mL of an n-hexadecane/oleyl alcohol/liner alcohol ethoxylate (C 12 E 6 ) mixture was Moreover, this process is easy to scale-up and has lowenergy consumption, as neither temperature changes nor high stirring rates (as no highly viscous phases are present during emulsification) are needed. However, if a concentrate with low water content is required, starting emulsification from a carefully selected W/O microemulsion would be the preferred choice.
As described above, there are several mechanisms for spontaneous emulsification. Consequently, Solans and
Solè [3] claim that phase inversion does not occur in the self-emulsification (spontaneous emulsification) method, and Anton et al. [38] include the EIP method into the spontaneous emulsification method.
Microemulsion and nano-emulsion
As described previously, nano-emulsions are thermodynamically unstable while microemulsions are thermodynamically stable. The term microemulsion does not describe micrometer-sized emulsions. The structure of a microemulsion is described in various ways: micelles, reverse micelles, rod-like micelle, lamella structure, bicontinuous structure, and swollen micelle. McClements [48] proposed a new approach for distinguishing between nano-emulsions and microemusions based on free energy. According to him, the free energy of nanoemulsions, nanometer-sized droplets dispersed in a continuous phase (the disperse state), is higher than that of the separate state of oil and water. A nano-emulsion can be kinetically stable due to the energy barrier between the two states. On the other hand, the free energy of the dispersed state for microemulsions is lower than that of the separate state.
Conclusion
Nano-emulsions are ver y useful in many industries such as food, pharmaceutical, cosmetic, and chemical. 
